Introduction {#s1}
============

Although strong social bonds help us to live longer and enjoy better health, social isolation and relationship conflict increase our risk of a host of mental and physical disorders [@pone.0079314-KiecoltGlaser1], [@pone.0079314-Hawkley1]. Using functional magnetic resonance imaging (fMRI), Coan and colleagues [@pone.0079314-Coan1] recently asked 16 happily married women to face the threat of shock while alone or while experiencing a form of contact comfort [@pone.0079314-Harlow1] -- simple handholding -- either with a spouse or a stranger. During spouse handholding, women in the highest-quality relationships showed strongly diminished threat-related activations throughout the brain, including the right anterior insula, hypothalamus, and dorsolateral prefrontal cortex. Women in lower-quality relationships did not realize the full regulatory impact of handholding, and even less regulatory activity was attributable to holding hands with a stranger. Nevertheless, facing the threat of shock alone caused the highest level of threat-related brain activation. Based on these and other findings [@pone.0079314-Taylor1]--[@pone.0079314-Maresh1], Coan and colleagues have argued that proximity to social resources regulates negative affect by buffering the perception of threat [@pone.0079314-Coan3]--[@pone.0079314-Beckes2].

Relationship distress remains a significant public health problem in North America and elsewhere, with a divorce rate among first marriages holding steady at 40% [@pone.0079314-Bramlett1]. And the negative sequelae of divorce can be chronic and severe [@pone.0079314-Lucas1]. Significant relationship distress among committed couples impairs a wide range of social, psychological, occupational and physical functioning [@pone.0079314-Robles1], [@pone.0079314-Whisman1]. A promising approach to helping couples resolve relationship distress is *Emotionally Focused Therapy* (EFT) [@pone.0079314-Johnson1]. EFT is efficacious for treating relationship distress [@pone.0079314-Lebow1]. Early research suggested that EFT was superior to behavioral marital therapy [@pone.0079314-Johnson2], and a more recent meta-analysis [@pone.0079314-Johnson3] concluded that 70--73% of couples who undergo EFT are no longer relationally distressed at the end of therapy -- at an average effect size of *d* = 1.3. Moreover, EFT treatment gains realized among distressed couples at high risk for relapse are stable over two- and three- year assessment periods [@pone.0079314-Clothier1], [@pone.0079314-Halchuk1]. Importantly, EFT is focused on strengthening adult attachment bonds [@pone.0079314-Mikulincer1], [@pone.0079314-Johnson4], emphasizing trust, interdependence, soothing, and security [@pone.0079314-Johnson1], [@pone.0079314-Johnson5], [@pone.0079314-BurgessMoser1]. EFT has also been successfully applied to couples in which one or both partners are coping with a history of childhood sexual abuse [@pone.0079314-Johnson6], [@pone.0079314-MacIntosh1], major depression [@pone.0079314-Dessaulles1], [@pone.0079314-Denton1], and even breast cancer [@pone.0079314-Naaman1].

We sought to examine the effect of EFT on the use of social contact to down-regulate neural threat responses using the Coan et al fMRI-based hand holding procedure. EFT theorists explicitly claim that EFT affects a couple\'s ability to soothe each other\'s difficult emotions by strengthening their attachment bond. The hand holding paradigm offers an opportunity to test this claim directly on the functioning brain. Moreover, it is of general theoretical interest to test whether a couple\'s ability to regulate each other\'s neural response to threat can be potentiated with a targeted intervention. The within-subjects nature of the hand holding procedure offered the additional opportunity to evaluate EFT using a modified multiple baseline design [@pone.0079314-Hawkins1] that allowed us to implement control *conditions* in lieu of a control group. That is, we hypothesized that EFT would 1) potentiate the regulatory effect of spousal hand holding -- particularly in the dlPFC and hypothalamus [@pone.0079314-Coan1], [@pone.0079314-Conner1], [@pone.0079314-Beckes2]; 2) *weakly* potentiate the regulatory effect of stranger hand holding; and 3) leave threat responding during the alone condition relatively unaltered.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

This study has been approved by the Research Ethics Board of the University of Ottawa, and by the Internal Review Board for Health Sciences Research at the University of Virginia. Written informed consent was obtained from all participants before joining the study.

Participants {#s2b}
------------

Twenty-four married couples (22 legal, 2 common-law) were recruited through media advertisements, posters at local community agencies, and referrals from a local private practice in Ottawa, Ontario, Canada. Eligible couples 1) had to be at least 25 years old; 2) had to be exclusively involved and living together for at least one year; 3) could not have been previously diagnosed with a psychotic disorder, or currently taking any medication known to treat psychosis or psychotic disorders; 4) could not be receiving current psychotherapeutic (psychological or psychiatric) treatment or anticipating such treatment within the next six months; 5) could not be drinking more than 14 alcoholic drinks per week, using any type of illegal drugs, or misusing prescription medication; and 6) could not have a history of either childhood or adulthood physical or sexual abuse. Couples were also excluded if they reported a history of physical or sexual violence in their current relationship. Finally, both partners had to report moderate levels of relationship distress as assessed by the Dyadic Adjustment Scale DAS; [@pone.0079314-Spanier1], a 32- item measure of relationship adjustment asking partners to rate the occurrence of disagreements and positive exchanges on Likert scales from 1--5 or 1--6. Higher DAS scores indicate higher relationship quality, and range from 0--150. DAS scores between 80 and 95 are thought to indicate minor to moderate levels of relationship distress, and DAS scores lower than 80 suggest severe relationship distress [@pone.0079314-Jacobson1]. Couples were eligible for this study if their mean DAS score ranged between 80--97. The partners in this study were predominately Caucasian, from 44 to 45 years of age, and in long-term relationships (reporting a mean relationship length of 17 years).

Additional fMRI related inclusion criteria had to be met by the female partner, who, in keeping with the original method of Coan et al [@pone.0079314-Coan1], was the only partner undergoing fMRI scans. Women were excluded from the study participation if they 1) had significant back problems or experienced claustrophobia in the past that would interfere with the fMRI procedure; 2) weighed more than 200 pounds; 3) were currently pregnant, nursing, or trying to become pregnant; 4) had any mechanically activated or metal implants, permanent retainers, piercing that cannot be removed, or electrical implants; and 5) had a history or current diagnosis of seizures, diabetes requiring insulin treatment, heart attack, stroke, blood clots, high blood pressure, or chronic pain. The male partner was to be in the scanning room and close to the bore of the magnet, thus he was screened for MRI compatibility also.

Procedure {#s2c}
---------

### Telephone screen {#s2c1}

Interested couples first completed 30-minute semi-structured telephone interview to determine age, relationship status, relationship length, mental health status, current alcohol and drug use, and any history of sexual and physical abuse. Both partners were asked to answer the items from the DAS [@pone.0079314-Spanier1] to determine whether or not they met the relationship distress criteria. Of the 666 couples initially interested in the study, 62 couples were deemed eligible following the telephone interview.

### First laboratory visit {#s2c2}

During the first visit to the laboratory, participants provided informed consent according to regulations set out by the Research Ethics Board of the University of Ottawa. Next, partners separately completed a series of questionnaires asking specific and detailed questions about relationship distress, alcohol and drug use and a history of relationship violence. Based on this session, 35 couples were deemed eligible to continue participation in the study.

### Pre and Post Therapy fMRI Scan {#s2c3}

Procedures for the fMRI scanning closely followed Coan et al., [@pone.0079314-Coan1], and resembled earlier work by Singer et al [@pone.0079314-Singer1]. Specifically, handholding by romantic partners or strangers was compared to a no-handholding (alone) condition, all in a context of shock threat. Brain-imaging participants were women, and handholding participants (spouses and strangers) were male. The sex of the stranger was communicated to participants. Experimental strangers were unaware of the study\'s hypotheses. At St. Joseph\'s clinic in Gatineau, Québec, participants were introduced to the MRI environment and experimental tasks, underwent standard procedures for removal of all ferromagnetic objects (e.g., wristwatches), were provided with ear protection (i.e. ear phones and ear plugs), were positioned into the head coil, and were placed into the bore of the scanner. Prior to the first scan, all female participants had two Ag-AgCl shock electrodes attached to their left ankle. Participants were in continuous contact with experimenters via intercom.

Participants observed 10 threat and 10 safety cues, in random order, within each of three counterbalanced blocks, for a total of 20 cue trials. Trials were randomized within subjects, and block order was counterbalanced between subjects. During one block, the wife held her husband\'s hand. During another, she held the hand of an unseen, anonymous male experimenter. (Wives were not introduced to the anonymous male hand-holder until after the experiment was completed.) For the remaining block, no hand-holding was provided. Subjects\' right hands were used for all handholding; left hands were used for providing ratings of subjective experience via a button box. Threat cues (a red "X" on a black background) indicated a 20% likelihood of receiving an electric shock to the ankle. Safety cues (a blue "O" against a black background) indicated no chance of shock. Electric shocks were delivered using an isolated physiological stimulator (Coulbourn Instruments, Allentown, PA) with 200-ms duration at 2 mA. All subjects received two shocks per block.

Each trial began with a threat or safety cue that lasted 1 s and was followed by an anticipation period that varied between 4 and 10 s. Subjects were instructed to focus their attention on a fixation cross during the anticipation period. Shocks were delivered only at the end of the anticipation period. The end of the trial was indicated with a small circle, after which subjects were instructed to rest until the next trial began. The resting period, during which a black screen was presented, also varied between 4 and 10 s. At the end of each block, subjects rated their subjective feelings of pleasantness (valence) and agitation (arousal) on the Self-Assessment Manikin (SAM) scales [@pone.0079314-Bradley1]. Using these 5-point nonverbal pictorial instruments, subjects provided one pleasantness rating and one arousal rating for each handholding condition, entering their scores with the button box placed in their left hands.

A total of 35 couples completed the 1.5 hour pre-therapy fMRI scan. Over the course of therapy, 5 couples either became pregnant, started taking medication, or revealed a history of trauma which made them no longer eligible for the study. Four couples dropped out of therapy and therefore did not complete the post EFT scan, two couples were dropped for missing data, and one other was dropped whose overall threat-related brain activation in a variety of regions was an extreme a statistical outlier (e.g., greater than three standard deviations below the average of the rest of the sample). This left 23 couples who completed all measurement occasions. After the post-therapy fMRI scan, these couples came in for one final visit to the laboratory, where they completed the post-therapy questionnaire package.

EFT Intervention {#s2d}
----------------

After completing the pre-therapy fMRI scans, each couple was randomly assigned to one of 15 volunteer EFT-trained psychologists and/or social workers trained by the first author. The mean number of sessions for all couples was 22.9 (6.6) with a range of 13 to 35 sessions and the approximate length of time for therapy completion ranged between was 3.25 to 8.75 months. Session and therapy length varied depending on the couples\' presenting concerns and their progression through EFT-defined therapeutic change events [@pone.0079314-Johnson1], [@pone.0079314-Johnson6]. Specifically, when a couple was deemed according to EFT guidelines to have achieved 1) "softening" -- a state of vulnerability and sharing of attachment related needs between the partners [@pone.0079314-Bradley2] -- and 2) "consolidation" -- where the therapist works with the couple to review treatment gains -- treatment was terminated.

EFT is a manualized treatment that conceptualizes relationship distress as reflecting emotional disconnection and unmet attachment needs [@pone.0079314-Johnson1]. When individuals feel that a partner is unavailable, unresponsive, critical or rejecting, they often adopt emotional regulation strategies that unintentionally perpetuate or even exacerbate relationship distress and weaken the attachment bond. These include anxiously blaming and making demands, or withdrawing and stonewalling [@pone.0079314-Gottman1]. In Stage One of EFT, *De-escalation*, the therapist helps each partner to mindfully observe their negative cycle, and to view the abandonment and rejection it creates as their mutual enemy -- an enemy the couple can work together to contain. At Stage 2, *Restructuring,* partners work to discover and share their attachment fears and longings, gradually finding ways to clearly express these to each other in a manner that facilitates the closeness, emotional accessibility and responsiveness of a more secure bond. The couple can then move into Stage 3, the *Consolidation* of treatment gains [@pone.0079314-Johnson1], [@pone.0079314-Bradley2].

### Therapy adherence {#s2d1}

To ensure therapists adhered to the EFT treatment protocol, two procedures were followed. First, Dr. Johnson, a developer of EFT, held monthly supervision meetings with participating therapists to address potential impediments to EFT treatment manual adherence. Second, we used a therapy implementation checklist that has been helpful in previous EFT studies [@pone.0079314-Johnson7], [@pone.0079314-Dandeneau1]. The instrument lists eight each of EFT-specific and non-EFT "statements" that might be used at any time by a given therapist. Two independent graduate students trained in EFT interventions coded 1/3 of the therapy tapes for each couple from the current study. Approximately 10 minutes of tape 20 minutes into each selected session was coded. In all, a total of 4,143 therapist statements were coded, achieving an inter-rater reliability kappa of 0.71, indicating substantial agreement among raters [@pone.0079314-Bakeman1]. Of these 4143 therapist statements, 93.5% were coded as EFT-specific interventions by both raters, suggesting a high level of adherence to EFT protocols. The number of EFT-specific statements did not differ as a function of therapist or pre-post change in DAS scores. In short, all couples received the therapy as it was intended.

fMRI Image Acquisition and Data Analysis {#s2e}
----------------------------------------

All imaging was performed using a 1.5 Tesla Siemens Magnetom Symphony MR scanner located at the St. Joseph Clinic in in Gatineau, Québec. Participants lay supine with their head secured in a CP transmit/receive head coil with integrated mirror. A conventional T1-weighted spin echo localizer was acquired to confirm that the anterior commissure -- posterior commissure (AC--PC) line in the sagittal view was at right angles to the slice select gradient. Structural MRI and whole brain echo planar fMRI based on the BOLD effect was performed using a gradient echo pulse sequence: TR/TE 2000/30 ms, flip angle 90o, FOV 288 mm, 64×64 matrix, slice thickness 4.5 mm, 26 transverse slices, bandwidth 2.5 kHz.

Raw image files were electronically uploaded to Dr. Coan\'s Laboratory at the University of Virginia. Images were preprocessed and analyzed using FMRIB Software Library (FSL) software (Version 5.98; [www.fmrib.ox.ac.uk/fsl](http://www.fmrib.ox.ac.uk/fsl)). Motion was corrected using FMRIB\'s Linear Image Registration Tool (MCFLIRT), with slice scan-time correction and a high-pass filtering cutoff point of 100 seconds, which removed signals that were irrelevant to the stimuli. Brain extraction was accomplished using Smith\'s [@pone.0079314-Smith1] Brain Extraction Tool, which eliminated unwanted, non-brain material voxels in the fMRI data. The images then underwent a spatial smoothing with a 5-mm full width at half minimum Gaussian kernel, and a grand-mean scaling.

### Regions Of Interest (ROIs) {#s2e1}

To determine the normative neural threat response of participants, a contrast of activation to threat and safety cues (threat minus safe) was required. A region of interest (ROI) approach was applied, utilizing an independent map of threat responsive regions derived from the analysis of Coan et al. [@pone.0079314-Coan1]. This allowed us to identify threat-responsive regions that were both empirically derived and independent of the current sample. In Coan et al., time series were fit to an ideal hemodynamic response using a least squares general linear model and motion parameters were entered as covariates. Alone condition threat-safe beta weights were converted to percent signal change, and activation maps were transformed into standardized Talairach space [@pone.0079314-TalairachP1]. For the current study, these maps were then re-registered to the Montreal Neurological Institute (MNI) standard space [@pone.0079314-Brett1]. These functional maps had large heterogeneous activations, so we parsed them by structure in MNI space to create a final set of functional masks using FSLView\'s Harvard-Oxford Cortical and Subcortical atlases. Importantly, although these ROIs are functionally identical to those of Coan et al., they are not parsed in the same way. This means that in many instances, the ROI\'s analyzed by Coan et al are labeled differently than the ROIs reported here. This is entirely a function of the change from Talairach to MNI space and the use of different atlases. Parameter estimates were then extracted from each ROI in each condition (with the threat-safe contrast) for each subject using FEATQuery and converted to percent signal change estimates. These estimates were then used in an analysis using the PASW (PASW Statistics, v 18, [www.spss.com](http://www.spss.com)) statistical package, version 18. [Table 1](#pone-0079314-t001){ref-type="table"} lists all the ROIs used to test effects across hand holding conditions, across time, and by DAS scores.
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###### Threat Responsive Regions of Interest.

![](pone.0079314.t001){#pone-0079314-t001-1}

                                                     Cluster Size In Voxels   Centroid Coordinates   Post-EFT Effects        
  ------------------------------------------------- ------------------------ ---------------------- ------------------ ----- ------
  Frontal and Anterior Cingulate Regions                                                                                     
  Dorsolateral PFC                                            203                      36                   38          28    3, 4
                                                              221                     −36                   38          22   
  Ventromedial PFC                                            436                      10                   48          −8   
  Ventral Ant. Cingulate                                      302                     −14                   42          −4     5
  Dorsal Ant. Cingulate                                       1440                     4                    18          32    1, 4
  Orbital Frontal Cortex                                      287                      34                   24          −7     1
                                                              690                     −28                   32          −6   
  Inf. Frontal Cortex                                         215                      48                   20           4     1
                                                              130                     −34                   34          12     4
  Sup. Frontal Cortex                                         821                      6                    14          56   
                                                              202                     −12                   −4          68   
  Frontal Opperculum                                          506                      44                   14           4   
                                                              432                     −38                   16           6     4
  Supplementary Motor                                         320                      6                    2           58   
                                                              242                      −6                   −2          58     3
  Precentral Gyrus                                            227                     −42                   −2          38     5
  Insular and Subcortical Regions                                                                                            
  Insular Cortex                                              896                      38                   8           −2     5
                                                              466                     −34                   16           0   
  Pallidum                                                    131                      14                   4            0   
                                                              232                     −14                   2           −6     5
  Nucleus Accumbens                                           178                      8                    14          −8   
                                                              122                      −8                   10          −6   
  Hypothalamus                                                 87                      0                   −14          −6   
  Caudate                                                     371                      10                   10           6   
                                                              234                     −10                   10           4   
  Putamen                                                     218                      28                   8           −4    4, 5
                                                              321                     −30                   6           −2   
  Thalamus                                                    577                      8                   −16           2     5
                                                              570                      −8                  −14           5     5
  Sup. Colliculus/PAG                                         504                      2                   −32          −10   4, 5
  Substantia Nigra                                            379                      2                   −16          −12    5
  Temporoparietal and posterior cingulate regions                                                                            
  Postcentral Gyrus                                           241                      22                  −50          68   
  Supramarginal Gyrus                                         161                      54                  −28          16   
                                                              203                     −56                  −30          18   
  Posterior cingulate                                         217                      16                  −30          42   
                                                              249                     −10                  −28          40     1
  Heschls Gyrus                                               374                      42                  −22           8   
  Planum Polare                                                58                      46                   −2          −8     1

1 =  partner \< alone; 2 =  stranger \< alone; 3 =  partner \< stranger; 4 =  partner \< alone among couples with lowest DAS scores; 5 =  stranger \< alone among couples with lowest DAS scores. Note: In no case was activity lower in the stranger condition than the partner condition.

Results {#s3}
=======

The EFT intervention significantly increased marital quality as measured by the total DAS score, T (17)  = −3.65, p = .002, M~pre-EFT~  = 81.2 (SD  = 14.0), M~post-EFT~  = 96.0 (SD  = 17.2). A significant interaction was observed between handholding and EFT on arousal, F (2, 19)  = 5.8, p = .01, *η~p~^2^* = .38, suggesting that after therapy participants reported more arousal with the stranger and less arousal with their partner, F (2, 19)  = 5.8, p = .01, *η~p~^2^* = .38 (see [Figure 1](#pone-0079314-g001){ref-type="fig"}). A significant interaction between handholding and EFT on valence, F (2, 19)  = 3.7, p = .04, *η~p~^2^* = .28 suggested that after therapy, participants felt less negativity during partner handholding, F (2, 19)  = 3.7, p  = .04, *η~p~^2^* = .28.

![Valence and arousal graphed as a function of EFT (pre vs. post) by handholding (alone vs. stranger vs. partner).\
Panel A shows mean (± (anr Pleasantness ratings. Panel B shows mean (±SE) Arousal ratings.](pone.0079314.g001){#pone-0079314-g001}

To determine the effects of EFT on the handholding paradigm, a two-step process was employed. First, average percent signal change (threat -- safe) from all voxels activated in the original Coan et al. handholding study were calculated for each subject in each condition of EFT and handholding. This allowed for a single test of the effect of EFT and handholding on all threat-related ROIs simultaneously. We used a mixed effects model, testing handholding condition (alone vs. stranger vs. partner) and EFT (pre-therapy vs. post-therapy), and including DAS as a repeated covariate. Significant effects within this first model would suggest that none of the threat-related ROIs differed significantly in how they were impacted by handholding.

In a second step, however, we tested a number of these ROI\'s separately. Again, mixed effects models were computed for each ROI, testing handholding condition (alone vs. stranger vs. partner) and EFT (pre-therapy vs. post-therapy) while using marital quality (DAS, pre and post) as a repeated covariate. Mixed effects models are relatively robust to violations of the sphericity assumption in repeated measures data [@pone.0079314-Bagiella1]. F-tests were conducted using the Satterthwaite approximation for estimating denominator degrees of freedom. Because denominator degrees of freedom estimated in this way depend on both sample size and variance structure, different estimates can obtain for each F-test. An overview of all significant interactions with the EFT factor (pre vs. post) is displayed in [Table 1](#pone-0079314-t001){ref-type="table"}. Means and standard errors can be found in supplementary [Table S1](#pone.0079314.s001){ref-type="supplementary-material"}.

Omnibus Tests {#s3a}
-------------

The omnibus test of EFT and handholding on all voxels activated in the original Coan et al. handholding study indicated a significant interaction between EFT, handholding and DAS, F (2, 72.6)  = 3.6, *p* = .03 (Alone × EFT × DAS *b* = 10.3, SE  = 3.7; Stranger × EFT × DAS *b* = 2.5, SE  = 3.3). Point estimates (see [Figure 2](#pone-0079314-g002){ref-type="fig"}) suggest that the impact of EFT on the handholding effect was most pronounced among those couples suffering from the lowest levels of relationship quality. This omnibus model has the advantage of detecting an overall trend in all of the voxels hypothesized to become active in response to the threat cues we presented. This can also help us to alleviate concerns about multiple testing in the comparisons we report below. But it also carries the risk of obscuring important subtleties attributable both to handholding condition and specific neural region. For example, although all regions implicated are hypothesized to activate to the threat cue, many will be doing so for different reasons. Thus, in addition to this omnibus model, we analyzed specific regional ROIs as well, first comparing the partner and alone conditions, then the stranger and alone conditions, and finally the stranger and partner conditions. These analyses are described in detail below.

![Point estimates of percent signal change graphed as a function of EFT (pre vs. post) by handholding (alone, stranger, partner) and DAS score.\
Point estimates were computed separately for individuals high (+1SD) and low (−1SD) in DAS. Point estimates reflect average percent signal change (threat -- safe) from all voxels activated in the original Coan et al., handholding study.](pone.0079314.g002){#pone-0079314-g002}

Partner vs. Alone Comparisons {#s3b}
-----------------------------

Greater overall threat-related activity occurred during the alone condition in the right dorsolateral prefrontal cortex (dlPFC), ventro-medial prefrontal cortex (vmPFC), left caudate, ventral anterior cingulate (vACC), and right inferior frontal gyrus (IFG), Fs (1, 39.8 to 42.8) ≥4.0, all ps ≤.05. Moreover, threat-related activation in the right dlPFC was generally lower after EFT, F (1, 53.2)  = 5.9, p = .03.As hypothesized, interactions between handholding and EFT suggested that from pre- to post- therapy, threat related activity both decreased during partner handholding and increased while alone in the dorsal anterior cingulate cortex (dACC), right orbitofrontal cortex (OFC), right IFG, right planum polare, and left posterior cingulate cortex (PCC), all Fs (1, 36.4 to 50.5) ≥4.7, all ps ≤.04 (see [Figure 3](#pone-0079314-g003){ref-type="fig"}). Interestingly, participants with higher DAS scores were generally less active in the substantia nigra/red nucleus when holding hands with their partners relative to when alone, independent of EFT, F (1, 49.5)  = 6.6, p = .01. In the right dlPFC, dACC, left IFG, left operculum, right putamen, left PCC, and the superior colliculus/periaqueductal grey, interactions between handholding, DAS and EFT suggest that participants with the lowest Pre-therapy DAS scores realized the largest pre- to post- therapy decreases in threat responding during partner handholding, all Fs (1, 33.7 to 49.7) ≥4.6, all ps ≤.04 (see point estimates in [Figure 4](#pone-0079314-g004){ref-type="fig"}).

![Percent signal change (±SE) graphed as a function of EFT (pre vs. post) by handholding (alone vs. partner) interaction effects.\
Row A represents activity in the dorsal anterior cingulate cortex (dACC). Row B represents activity in the right inferior frontal Gyrus (IFG).](pone.0079314.g003){#pone-0079314-g003}

![Point estimates of percent signal change graphed as a function of EFT (pre vs. post) by handholding (alone vs. partner) and DAS score.\
Point estimates were computed separately for individuals high (+1SD) and low (−1SD) in DAS. Row A represents activity in the dorsal anterior cingulate cortex (dACC). Row B represents activity in the right dorsolateral prefrontal cortex (dlPFC).](pone.0079314.g004){#pone-0079314-g004}

Stranger vs. Alone Comparisons {#s3c}
------------------------------

In the right dlPFC, vmPFC, left opperculum, vACC, right IFG, right plenum polare, right superior frontal gyrus (SFG), and left supramarginal gyrus (SMG), activity was generally higher in when alone than in the stranger condition, all Fs (1, 39.5 to 51) ≥4.0, all ps ≤.05. Interactions between handholding and DAS were detected in the substantia nigra/red nucleus, F (1, 50.0)  = 4.0, p = .05, and hypothalamus, F (1, 42.6)  = 6.1, p = .02, both due to small positive DAS/activation correlations during the alone condition and small negative DAS/activation correlations during the stranger condition, although none of these correlations was significant. In the superior colliculus/PAG, substantia nigra/red nucleus, left pallidum, vACC, right insula, right putamen, left thalamus, right thalamus, and precentral gyrus, interactions between handholding, EFT and DAS revealed that participants with the lowest Pre-therapy DAS scores realized the largest pre- to post- therapy decreases in threat responding during stranger handholding, all Fs (1, 35.8 to 50) ≥4.2, all ps ≤.05.

Stranger vs. Partner Comparisons {#s3d}
--------------------------------

In the substantia nigra/red nucleus, threat-related activity was generally greater during stranger than partner handholding, F (1, 47.4)  = 6.5, p = .01. In the vmPFC, left NAcc, left pallidum, right insula, right pallidum, and right planum polare, main effects of EFT revealed general decreases from pre- to post- therapy in threat activation, regardless of whose hand was held, all Fs (1, 41.1 to 58.6) ≥3.9, all ps ≤.05. In the left caudate, left IFG, and vACC, interactions between EFT and DAS revealed that participants with the lowest pre-therapy DAS scores realized the greatest decreases from pre- to post-therapy in threat related activity, all Fs (1, 55.1 to 66.7) ≥6.2, all ps ≤.02. In the right dlPFC and left supplementary motor cortex, interactions between handholding and EFT suggest that from pre- to post- therapy, threat-related activity decreased during partner but increased during stranger handholding, Fs (1, 44.6 to 48.9)  = 5.0, ps  = .03 (see [Figure 5](#pone-0079314-g005){ref-type="fig"}).

![Percent signal change (±SE) graphed as a function of EFT (pre vs. post) by handholding (stranger vs. partner) interaction effects.\
Row A represents activity in the supplementary motor cortex (SMG). Row B represents activity in the right dlPFC.](pone.0079314.g005){#pone-0079314-g005}

Discussion {#s4}
==========

The present study provides evidence consistent with the suggestion that EFT can alter the way the brain encodes and responds to threats in the presence of a romantic partner. The initial omnibus test suggested this effect was pervasive, impacting the average of all voxels hypothesized to activate to the presentation of threat cues -- especially among couples suffering from the lowest levels of relationship quality. Because our omnibus test risked obscuring the impact of EFT and handholding on specific regions of the brain, we next inspected a series of models at the circuit level. Here, we found that the most common and profound effects of EFT on neural threat responding were manifest during spousal handholding. Although the effects of EFT on stranger handholding were stronger than expected, they were also strongest among the most distressed couples. It is possible that partners who were more distressed with their relationship benefitted most from the corrective bonding experiences documented in EFT change-process research [@pone.0079314-Greenman1], and were therefore more open to support from others, even strangers. Attachment theorists posit this kind of process as one route through which partners may alter each other\'s general models of insecure attachment [@pone.0079314-Mikulincer1].

The effects of EFT on dACC and PFC functioning were particularly noteworthy. The dACC has been prominently implicated in expectancy violations associated with pain processing and negative affect [@pone.0079314-Whisman2], [@pone.0079314-Eisenberger1], even on behalf of the pain of another person [@pone.0079314-Singer1]. And the dorsolateral and inferior prefrontal cortices have been implicated in a raft of psychological moderators of negative affect and avoidance, any of which may be relevant to our experimental threat paradigm [@pone.0079314-Egner1], [@pone.0079314-Coan5]. For example, relatively greater right prefrontal activity indexes negative emotional states associated with behavioral avoidance [@pone.0079314-Coan6], [@pone.0079314-Steiner1] and depression risk [@pone.0079314-Stewart1]. The dlPFC in particular supports explicit, cognitive, or "reappraisal" based self-control strategies active during unpleasant emotional states [@pone.0079314-Ochsner1]. Importantly, accumulating evidence from a diverse collection of laboratories also suggests this PFC-mediated work is computationally and bioenergetically costly [@pone.0079314-Dietrich1], [@pone.0079314-Halford1], which places a conservation pressure on prefrontal function [@pone.0079314-Beckes2]. This has led Coan and colleagues to suggest that proximity to relational partners provides a "best bet" for a conservation opportunity called *load sharing* [@pone.0079314-Coan3] -- the interdependence that grows with increasing degrees of familiarity [@pone.0079314-Smith2], [@pone.0079314-Beckes3]. More than strangers, relational partners can be counted on to share goals, care for young, assist when ill or injured, and share vigilance for potential threats [@pone.0079314-Coan5]. This may explain why in their original paper Coan et al [@pone.0079314-Coan1] observed the regulation of dlPFC activation only by spouse handholding -- and why EFT seems to have caused a significant decrease in dlPFC function also by spouse handholding alone. The relative post-EFT inactivity of the dlPFC implies further that a secure connection with an attachment figure does not help individuals to maintain equilibrium by boosting self-regulatory capabilities per se but by reducing the perception and significance of threats, thus obviating the need for self-regulation to occur [@pone.0079314-Beckes2]. This is consonant with both the conservation of resources conceptualization and with the predictions of classic attachment theory, which views a felt sense of connection to others as providing a safe haven and secure base, increasing tolerance for uncertainty and threat [@pone.0079314-Bowlby1].

By contrast, the provision of regulation by strangers can be viewed as weighing more heavily toward simple *risk distribution*, or safety in numbers [@pone.0079314-Coan3]. If true, strangers should have their greatest regulatory impact on neural systems supporting the body\'s mobilization for acute activity, with minimal impact on processes related to vigilance or self-regulation. Our EFT intervention suggests just this -- that among the most distressed couples, post-EFT stranger handholding attenuated threat-related activity in systems devoted to acute arousal and defensive motor planning, such as the vACC and PAG. These effects also echo those reported by Coan et al [@pone.0079314-Coan1].

We predicted that EFT would not affect neural threat responding during the alone condition. Indeed, this was a key prediction for us methodologically, since the proposition that EFT would have differential effects on our within subject manipulation served as the basis for our use of comparison conditions as opposed to a standard control group [@pone.0079314-Hawkins1]. Because EFT specifically targets socially mediated forms of emotion regulation, we did not expect it to impact threat-responsiveness outside the relational context, and for the most part this prediction held. Nevertheless, it is interesting to note instances where general threat responsiveness was apparently impacted by the EFT intervention, and to speculate about why. Specifically, threat-related activity during the alone condition actually *increased* as a function of EFT in regions such as the dACC and portions of the PFC. Increased reactivity in these regions suggests a possible cost to increasing one\'s dependence upon social resources: that it becomes more difficult to tolerate being alone. A large number of studies have documented that self-regulatory activity supported by the PFC is associated with increased subjective mental effort. Some have posited that this is due to the depletion of a metabolic resource (e.g., glucose) in the PFC [@pone.0079314-Baumeister1], [@pone.0079314-Galliot1], while others have framed the subjective exhaustion associated with many forms of prefrontal activity in terms of opportunity costs associated with that activity [@pone.0079314-Kurzban1]. In either case, if our participants were experiencing an increased self-regulatory burden following EFT, we might expect that within the alone condition positivity ratings would decrease and arousal ratings would increase.

This is not what we observed. Although positivity ratings did not change, subjective arousal actually *decreased*. This suggests an alternative hypothesis: that EFT either trained or motivated clients to be more effective self-regulators even when alone. A function of many psychotherapies is to increase self-regulatory efficacy -- a goal that although beneficial in other ways may increase short term mental effort or metabolic cost to the brain [@pone.0079314-Sheppes1]. Moreover, in relational contexts, self-regulation (e.g., biting one\'s tongue when negative emotions are running high) can be at least as important as social-regulation [@pone.0079314-Richards1]. Although EFT focuses strongly on interpersonal attachments and interdependence, doing so may also increase self-regulatory *motivation* as clients come to value fostering effective relationships in part through self-regulatory effort.

Ultimately, our handholding paradigm has provided a unique opportunity to test some of the proposed mechanisms of social support in general, and EFT in particular, all at the level of brain function, *in vivo*. Specifically, it was proposed that EFT would strongly impact the neural threat response during spousal handholding, would have a less profound impact during stranger handholding, and would have little or no effect when participants faced the threat of shock alone. This set of propositions allowed us to use control conditions in a within-subject multiple baseline design similar to those seen in clinical trial research [@pone.0079314-Kazdin1]. It is undoubtedly true that an ideal design would have included a separate control group, matched for age and other demographic variables, as well as for the time between pre- and post- scans. Future research may be able to resolve this issue. Keeping this caveat in mind, our results nevertheless largely supported our a priori hypotheses. Specifically, EFT was associated with the strongest changes in the neural threat response during spousal handholding. EFT-related changes on stranger handholding were more numerous than expected, but were also highly dependent upon self-reported relationship quality as measured by the DAS, such that individuals in the most initially distressed relationships benefitted most from stranger handholding after EFT. Importantly, and unexpectedly, EFT appeared to result in *increases* in threat-related brain activity in a small number of regions during the alone condition. Although there are many possibilities for this outcome, we feel given the pattern of subjective experience reports that EFT may have increased individual motivation for self-regulatory activity in the temporary absence of social resources. Future work will be no doubt address the nuances and complexities observed in these data. For example, our laboratories are currently investigating the role of self-reported adult attachment styles on processes reported here [@pone.0079314-Coan4]. In the meantime, the overall pattern of results is both consistent with our predictions and readily interpretable. Moreover, although empirical evidence for the efficacy of social affect regulation and EFT is well established, these findings provide a critical window into the neural mechanisms supporting both.
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